Significant advances in the treatment of pulmonary arterial hypertension (PAH) over the last two decades have led to the introduction of multiple classes of oral therapy, but the disease remains devastating for many patients. Disease progression, in spite of oral monotherapy, is a major problem, and alternative therapy, such as infusion of prostacyclins, is cumbersome and carries considerable potential morbidity. Use of combination oral therapy, including drugs from both the endothelin receptor antagonist and phosphodiesterase-5 inhibitor classes, has increased, and there is some evidence to support this approach. Given the multiple options now available in pulmonary hypertension (PH) therapy, biomarkers to guide treatment decisions could be helpful. Here, we review the evidence for and against the clinical use of molecular biomarkers relevant to PH pathogenesis, emphasizing assayable markers that may also inform more rational selection of agents that influence pathways targeted by treatment. We emphasize the interactive nature of changes in mediators and messengers, such as endothelin-1, prostacyclin, brain natriuretic peptide (which has demonstrated biomarker utility), nitric oxide derivatives, and cyclic guanosine monophosphate, which play important roles in processes central to progression of PAH, such as vascular remodeling, vasoconstriction, and maladaptive right ventricular changes, and are relevant to its therapy. Accordingly, we propose that the identification and use of a molecular biomarker panel that assays these molecules in parallel and serially might, if validated, better inform unique patient phenotypes, prognosis, and the rational selection and titration of combination oral and other therapy in individual patients with PH/PAH.
Multiple classes of therapy exist now for pulmonary hypertension, but outcomes remain disappointing. Prospective identification of biomarkers that can help guide decision making are needed. We review treatment-related candidate biomarkers and their interactions in light of the emerging adoption of combination therapy.
Pulmonary hypertension (PH) is a progressive, fatal disease characterized by elevated pulmonary arterial pressure and secondary right ventricular (RV) dysfunction. PH may arise idiopathically (known as idiopathic pulmonary arterial hypertension [iPAH] ) or due to certain associated conditions (such as connective tissue disease, anorexigen use, human immunodeficiency virus [HIV] , et cetera; collectively, group I). PAH affects between 5 and 15 people per 1 million adults in the general population (1, 2) . Far more commonly, PH can arise in the setting of chronic heart, lung, or thromboembolic disease, representing PH categories II-IV, respectively, as classified by consensus and referred to as World Health Organization (WHO) groups (3, 4) . The pathogenesis of PAH is highly complex and characterized by pulmonary endothelial cell (EC) dysfunction, imbalance of vasoactive (and vasoproliferative) mediators, oxidative stress, metabolic dysregulation, fibrosis, and inflammation (5) . Mutations in bone morphogenetic protein receptor II have been estimated to underlie a subset of familial and idiopathic cases of PAH (6, 7) . However, these mutations and exposures account for only a fraction of cases, and the disease process remains poorly understood. There is a pressing need to better characterize these patients to formulate prognosis, develop better and novel treatments, and to guide selection among existing therapies (3) . Generation of biomarker knowledge from clinical trial data has been limited, in part because of lack of standardization of trial design, small study sizes, and limited longitudinal follow up.
PAH and Its Treatment
Dysregulation of multiple vasodilator/ antiproliferative and vasoconstrictor/ vasoproliferative mediators has been closely associated with the disease. Knowledge of these regulators has given rise to four main therapeutic classes specific to the treatment of PAH ( Figure 1 ): prostacyclin agonists (epoprostenol, treprostinil, beraprost, and iloprost), endothelin (ET) receptor antagonists (ERAs; bosentan, ambrisentan, and macitentan), phosphodiesterase (PDE)-5 inhibitors (PDE5is; sildenafil or tadalafil), and soluble guanylate cyclase (sGC) stimulators (riociguat). In randomized, controlled trials, these agents promote improvements in symptoms, exercise tolerance, and hemodynamics, and retard disease progression (8) (9) (10) (11) (12) (13) (14) . However, the response to any given treatment is not predictable, and outcomes in PAH remain suboptimal. For example, 3-year survival rates are only roughly 70%, despite the availability of these multiple therapies (15) . Because the literature lacks comparative clinical trials, an evidence-based approach to drug class selection has not been developed beyond a preference for oral agents in early to moderate disease and parenteral therapies in advanced disease (4) . Therefore, treatment is typically selected empirically, and is influenced, as in other diseases, in part by an individual physician's perception of medication efficacy and side effects, and by the costs to the patient and payor coverage.
PAH in the Era of Combination Oral Therapy
As newer therapies for PAH emerge (i.e., riociguat, macitentan, oral treprostinil, and selexipag) (16), the , and PAHassociated derangements are interconnected (also red). Mediators produced by a sensor cell may influence an adjacent or distant effector cell. Classically, this involves signaling by endothelial cells (ECs; "sensor cells") to influence "effector cells" (e.g., vascular smooth muscle cells [SMCs] ), but, in PAH, many cell types are involved. Relevant mediators may act in an autocrine fashion also. The vasoconstrictor and mitogenic peptide, endothelin (ET)-1, acting at ET A or ET B receptors, is antagonized by ET-1 receptor antagonists (ERA). ECs also produce nitric oxide (NO) from the precursor amino acid, L-arginine (L-Arg); asymmetric dimethyl arginine (ADMA) and symmetric dimethyl arginine (SDMA) (red) may antagonize this. Levels of ADMA depend, in part, on its catabolism by dimethylarginine dimethylaminohydrolase (DDAH). Antiproliferative and pulmonary vasodilator actions of NO produced by lung ECs can be mediated by the activation of soluble guanylate cyclase (sGC) in, for example, vascular SMCs, or by more durable S-nitroso (SNO) modification (S-nitrosylation) of regulatory thiols (SH) on key proteins. Cyclic guanosine monophosphate (cGMP) formation from GTP is the result when sGC is stimulated by NO. Notably, brain natriuretic peptide (BNP; or atrial natriuretic peptide [ANP]) can also elicit the formation of cGMP from GTP via a membrane-bound GC enzyme (particulate GC), possibly contributing to the (paradoxically) elevated cGMP levels typical of advanced PAH. Other mediator interactions include prostacyclin receptor-and endothelin receptor (ETR)-triggered NO synthesis, and cyclic adenosine monophosphate (cAMP)/cGMP cross-talk via phosphodiesterases (PDEs). For example, PDE3 can catabolize either, while PDE5 is selective for cGMP. Mediators that are also potential or proven biomarkers are in italics. AC, adenylate cyclase; CAT, cationic amino acid transporter; IPR, prostacyclin receptor; NOS, nitric oxide synthase; NP R , natriuretic peptide receptor; pGC, particulate guanylate cyclase; Pgl2, prostacyclin.
number of options for monotherapy and combination strategies is increasing. Both monotherapy strategies followed by addon therapy (9, (16) (17) (18) (19) (20) , as well as initial ("up-front") double-therapy (21) (22) (23) , have yielded mixed results compared with monotherapy in terms of the benefits of various combinations and/or agentsequencing strategies. In the midst of ambivalent data and the absence of clear treatment guidelines, it is important to identify more precise and rapidly available predictors of treatment response and prognosis. Objective biomarkers that indicate the disease stage (in addition to disease severity, as reflected by invasive hemodynamics) and response to therapeutic intervention would be useful tools for the management of PAH. Currently, a strong acute pulmonary vasodilator response to inhaled nitric oxide (NO) or prostacyclin remains the only established prognostic variable of treatment success leading to clear guidance: to select a high-dose calcium channel blocker as the treatment of choice. This small subset of patients with PAH can be more precisely phenotyped as "vasoreactive" early in the recommended algorithm, resulting in favorable long-term outcomes, but only about 10% of the PAH population shows vasoreactivity (24, 25) . In other diseases, such as cancer and HIV/acquired immune deficiency syndrome, biomarkers have been used to better characterize the genotypic and/or phenotypic characteristics of a patient, which can, in turn, lead to more optimized treatment tailored to that individual patient (e.g., antiretroviral treatment resistance testing in HIV, human epidermal growth factor receptor 2 (HER2) in breast cancer) (26) . Here, we discuss the potential for candidate biomarkers to play a similar role in PAH, with a special emphasis on treatment decision making.
Paucity of Existing Biomarkers in PAH
The U.S. Food and Drug Administration defines a biomarker as a characteristic that is objectively measured and evaluated as an indicator of normal biologic processes, pathogenic processes, or biological responses to a therapeutic intervention (27) . In addition, assays for a useful biomarker should be reproducible and cost-effective. Given the complexity of PAH and our incomplete understanding of its pathogenesis, numerous markers have been investigated for potential as biomarkers. Almost none of these, however, has been identified and validated as clinically relevant. This is likely due, in part, to small study sizes and lack of adequate power. In addition, PAH is a heterogeneous disease, and long-term data are limited. The only biomarker recommended by current guidelines for risk stratification is either brain natriuretic peptide (BNP) or the N-terminal fragment (NT) of pro-BNP (NT-proBNP) (28) . Similarly, only BNP is cited in guidelines addressing PAH treatment endpoints: a "normal" BNP is suggested as a treatment goal (29) .
PAH Biomarkers Relevant to Therapy
Although the development and characterization of PAH therapeutics have largely focused on only three discrete pathways, there is, in fact, rich cross-talk among these axes (as partially reflected in Figure 1 ), yielding multifactorial pathways and interrelated mediators worthy of targeting. For instance, preclinical evidence indicates a role for ET-1 itself in the response to PDE5is, sGCSs, ERAs, and prostacyclin agonists and their combinations (30, 31) . One of the key features of PAH is endothelial dysfunction characterized by decreased endothelial NO production, and the centrality of NO deficiency in PAH has been discussed (32, 33) . It is possible that biomarkers in the NO/sGC/cyclic guanosine monophosphate (cGMP) or related ET or prostanoid/cyclic adenosine monophosphate (cAMP) axes may help characterize, more objectively, the stage or severity of PAH and predict optimal therapy for maximal treatment response, given that the currently available oral therapies for PAH act directly upon these same targets. General reviews discussing biomarkers in pulmonary diseases have been published previously (34) (35) (36) (37) (38) (39) . This review focuses on the potential utility of ET-1-related, NO/sGC/cGMP-related, and other serologic biomarkers in decision making in the treatment of PAH. The role of these biomarkers in prognosis or correlation with important clinical endpoints is addressed secondarily; however, their role in screening and detection are beyond the scope of this review. Much of our understanding of these mediators (and potential biomarkers) has focused on the abnormal ECs and smooth muscle cells (SMCs) of the vascular wall in PAH. However, these molecules can also transduce intercellular and intracellular signaling involving a wide variety of cell types that may contribute to the development and progression of PAH and its consequences, including the pericyte, lymphocyte, macrophage, fibroblast and myofibroblast, endothelial progenitor cell, and of course, the cardiomyocyte (40) (41) (42) (43) .
NO
NO is an important endogenous vasodilator and antiproliferative agent, and acts, in part, through the activation of sGC to generate cGMP. NO is synthesized from L-arginine and oxygen (O 2 ) via a multistep reaction catalyzed by endothelial NO synthases (eNOSs). Recently, it has been discovered that NO can alternatively be produced via the reduction of the anion nitrite (NO 2
2
) by multiple proteins, including hemoglobin (Hb), myoglobin, and xanthine oxidase (44, 45) . NO 2 2 reduction is favored under hypoxia, which is coincidentally when endogenous formation of NO from NOS is impaired (45, 46) . The reduction of eNOS expression in the lungs of patients with PAH supports the concept of deficient NO as a pathogenic factor in PAH (32) . However, others have observed a regional distribution of eNOS enzyme notable for high levels in the plexiform lesions of patients with PAH (47).
Asymmetric and Symmetric Dimethylarginines
Asymmetric dimethyl arginine (ADMA) and symmetric dimethyl arginine (SDMA) are methylarginines that inhibit NO synthesis. ADMA blunts NO synthesis by competing with L-arginine for eNOS binding sites, whereas SDMA interferes with intracellular arginine uptake. Both ADMA and SDMA are known to be elevated in the serum of patients with group I PAH compared with control subjects (48, 49) . Definition of abbreviations: 6MWD, 6-minute-walk distance; ADMA, asymmetric dimethyl arginine; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CI, cardiac index; CO, cardiac output; cGMP, cyclic guanosine monophosphate; eNO, exhaled nitric oxide; ET, endothelin; MVO 2 , maximal oxygen consumption; NT-proNBP, N-terminal fragment of pro-BNP; NYHA, New York Heart Association; PA, pulmonary arterial; PAH, pulmonary arterial hypertension; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RDW, red blood cell distribution width; RVSP, right ventricular systolic pressure (estimated by echocardiography); SNO, S-nitrosothiol; Sv O 2 , mixed venous hemoglobin oxygen saturation; WHO, World Health Organization.
This may be related to a decrease in the enzyme that degrades ADMA, dimethylarginine dimethylaminohydrolase, in patients with PAH (48) . In a study of 57 patients with group I PAH, ADMA correlated (Table 1) with right atrial pressure, mixed venous O 2 saturation, and cardiac index (49) . Furthermore, the study found that ADMA levels independently predicted survival in patients with idiopathic PAH (49) . ADMA has also been shown to have prognostic significance in other disease processes. In patients with chronic thromboembolic PH (CTEPH), ADMA levels were elevated compared with healthy control subjects and correlated with mixed venous O 2 saturation, right atrial pressure, and cardiac index (50) . ADMA decreased in patients with CTEPH 12 months after pulmonary endarterectomy (50) . Other groups have found that ADMA levels predict cardiovascular and overall mortality in patients with end-stage renal disease and coronary artery disease (51, 52) . Future clinical trials to assess the relationship of ADMA levels to PAH treatment may be of value.
NO and Exhaled NO in PAH
The half-life of NO itself in biological fluids is variable, but typically between 0.1 and 5 seconds, thus limiting its use as a potential biomarker. Previous animal studies have suggested that end-exhaled NO represents NO production from the pulmonary circulation (53) . Whereas some have demonstrated local underproduction of NO in exhaled airway gas from patients with PAH (54) (55) (56) , others have demonstrated normal values (57) . A study of nine patients with PAH secondary to left-toright intracardiac shunts found similar baseline exhaled NO (eNO) values in patients and control subjects, but 18 hours after inhaled epoprostenol, eNO values were increased in patients compared with control subjects (58) . Another group found that treatment with IV epoprostenol increased eNO levels in patients with both primary and secondary PAH after 24 hours (59). This did not reliably correlate with immediate hemodynamic changes (Table 2) , although most patients on epoprostenol had a decreased RV systolic pressure after 12 months of therapy (59). Girgis and colleagues (60) found that eNO levels were decreased in 10 patients with WHO group I PAH compared with control subjects. After treatment for 3 months with the ERA, bosentan, eNO levels increased and were similar to those of control subjects (60) .
NO Metabolites
: NO 2 2 and Nitrate NO rapidly oxidizes into NO 2 2 and nitrate (NO 3 2 ), which are collectively referred to as NO metabolites (NOx). There has been interest in the measurement of NOx as a surrogate of in vivo NO activity (61). However, these metabolites are significantly affected by dietary factors (62) and glomerular filtration (63). Reported plasma NOx levels in patients with PAH have been variable (41, 57, 60, 64), but urinary NOx was found to be lower in patients with PAH on an NO 3 2 / NO 2
2
-restricted diet (60). The group also found an increase in urinary NOx with bosentan therapy (60) . However, current studies unfortunately do not link either NOx or exhaled NO to clinical outcomes or serve in a predictive fashion to help guide therapeutic decision making. Further investigation must be performed to characterize the potential role of these biomarkers in assessing severity and response to treatment in PAH.
Red Blood Cell S-Nitrosothiols
NO binds reversibly to a reactive thiol sulfur of the Cysb93 cysteine residue of the Hb b globin chain, forming an S-nitrosothiol (SNO)-Hb (SNO-Hb). The SNO side group, a durable and bioactive derivative of NO, is effectively released and exported from the red blood cell (RBC) in small amounts to effect intercellular signaling when deoxygenation triggers the conformational switch in Hb from the oxygenated "R" structure to the deoxygenated "T" structure, in which NO/SNO binding is no longer favored. In this way, the RBC Hb is able to couple the demand for regional increases in blood flow with the O 2 needs of the tissue (46) . Patients with advanced PAH had decreased RBC SNO (65) . Furthermore, administration of ethyl NO 2 2 to patients with PAH restored RBC SNO-Hb levels to the normal range along with immediate improvements in RBC-dependent vasoactivity, pulmonary vascular resistance (PVR), and blood O 2 uptake by the lung (65) . The concentrations of SNO-Hb and NOx increased after inhaled NO therapy in infants with persistent PH of the newborn (64) . This supports the concept that SNOHb is a vehicle for extrapulmonary actions of inhaled NO (66) . Larger studies are needed to determine the utility of RBC SNO as a PAH biomarker that predicts disease severity and/or response to treatment. cGMP cGMP is the product of GC, which is present intracellularly in two forms: a cytosolic form activated by NO, and a membrane-bound form activated by members of the natriuretic peptide family. It is an intracellular second messenger in platelets, vascular smooth muscle, and other cells that can also be measured in the circulation. Several groups have found that plasma levels of cGMP correlate with levels of natriuretic peptides in patients with heart failure (67). Urinary cGMP levels are higher in patients with PAH compared with healthy control subjects or patients with asthma, and correlated inversely with cardiac index (68) . Another study found elevated plasma cGMP levels in patients with PAH compared with control subjects, which also correlated with atrial natriuretic peptide (ANP) levels (69) . The elevated cGMP in group I PAH presumably reflects GC activation by BNP and/or ANP, rather than by bioactive NO and its derivatives, which may be depressed in PAH (70) . Indeed, the natriuretic peptide receptors couple to particulate (membrane-bound) GC (see Figure 1) , and cGMP elevations via particulate GC stimulation may therefore act quite differently from sGC-induced cGMP elevations. The PDE5is (e.g., sildenafil) act by inhibiting the degradation of cGMP (Table 3) , prolonging its bioavailability, thereby promoting vasodilation and blunting vascular remodeling. PDE5 expression is increased in PAH, and its expression/activity is up-regulated in the abnormal RV cardiomyocyte as compared with healthy individuals (71) . A study of 13 patients with PAH demonstrated an increase in plasma cGMP levels immediately after treatment with sildenafil and inhaled NO (72) . This correlated with a decrease in PVR and increase in cardiac index (72) . A study of 18 patients with PAH identified an immediate decrease in cGMP levels after iloprost inhalation, along with reductions in PVR and pulmonary artery pressure (PAP) (69) . Thus, cGMP may be sensitive not only to NO and its derivatives, but also to prostanoids, with negative feedback, for example. Further investigation and longer follow up are necessary to better understand the role and responses of cGMP and its potential to individualize treatment decisions.
cAMP
In response to binding of prostacyclin to its receptor, adenylate cyclase is activated, leading to increased production of the second messenger cAMP in various cell types, including those responsible for the modulation of vascular remodeling in PAH. For example, intracellular cAMP in human pulmonary arterial SMCs is elevated by the approved prostacyclin analogs, iloprost and treprostinil (73) . Similarly, platelet cAMP was doubled by infusion of iloprost in healthy male volunteers (74) . The role of cAMP and the case for its potential utility in guiding therapeutic decision making in PAH, therefore, have substantial homology to that of cGMP. In fact, a case can be made for examining the two mediators in concert, because of the potential for crosstalk between cAMP and cGMP, in that certain enzymes responsible for their degradation (PDEs) are shared.
NT-ProBNP and the N Terminal of ANP
Natriuretic peptides were among the first biomarkers identified in patients with PAH. BNP is a natriuretic hormone released primarily from the heart (particularly the ventricles) due to myocardial strain (75) . The main action of BNP is natriuresis and vasodilation via the renin/angiotensin pathway. The prohormone, proBNP, is split into BNP and the inactive metabolite, NT-proBNP. ANP is a peptide hormone secreted from cardiac atria in response to increased atrial pressure, as is the NT of ANP (NT-ANP).
ANP levels were elevated in a small group of patients with PAH compared with healthy control subjects, but did not Compared with ANP, BNP is much more stable and is less sensitive to temperature changes, making it a more practical test (77) . NT-proBNP has an advantage over BNP in that its metabolic clearance is slower. Similar to ANP, BNP and NT-proBNP correlate with hemodynamic parameters (including mean PAP and PVR) and the severity of PH (69, (78) (79) (80) . Baseline levels of both BNP and NT-proBNP also predict mortality in patients with PAH (79) (80) (81) (82) . Furthermore, serial decreases in BNP or NT-proBNP predict survival, and serial increases predict mortality (83) . In adult patients with sickle cell disease and PAH, NT-proBNP is an independent predictor of mortality (84) .
BNP and NT-proBNP levels have also been assessed as reporters of the response to therapy. Addition of inhaled trepostinil to bosentan or sildenafil for 12 weeks decreased NT-proBNP levels and increased 6-minute walk distance (6MWD) (18) . BNP levels also decreased after 12 weeks of therapy with ambrisentan (14) . Furthermore, in patients with CTEPH, BNP decreased significantly 1 month after pulmonary thromboendarterectomy, a change that correlated with the change in total PVR (78) . Treatment with the sGC stimulator, riociguat, led to significant reductions in NT-proBNP versus placebo in studies of patients with PAH (16) and those with inoperable/residual CTEPH (85) .
In summary, the natriuretic peptides are important biomarkers in PAH. BNP's value as a biomarker in PAH may be primarily as an indicator of right heart failure rather than underlying PAH pathogenesis. Indeed, because RV function is a central determinant of PAH outcome, there is a pressing need to advance the understanding of the determinants of adaptive versus maladaptive right heart remodeling in PAH, and related biomarkers may help identify these patients to tailor therapy. BNP and ANP stimulate the production of cGMP (a likely contributor to the high baseline cGMP in patients with severe PAH) (70) , and the elevated cGMP may help to protect the right heart (86) . Prospective studies are necessary to help determine the clinical significance of thresholds for BNP, assayed alone or in concert with cGMP, in individual patients.
ET-1 and C-Terminal-proET-1
ET-1 is a potent vasoconstrictor and stimulates proliferation of pulmonary artery SMCs. It is produced by the endothelium through cleavage of the biologically inactive precursor, big ET-1, by ET-converting enzyme. Big ET-1 might be a more reliable biomarker, because of its longer circulating half-life (87 (Table 3) , ambrisentan selectively antagonizes ET A . Although this distinction has not translated into dramatic differences in clinical responses to ET A -specific (versus nonspecific) monotherapy, it is possible that, in the setting of combination therapy, particularly with a PDE5i or sGCS, the clinical benefits of sparing the ET B receptor may be unmasked (23) .
Plasma ET-1 is elevated in patients with PAH and correlated with gas exchange and hemodynamic indices (88) (89) (90) (91) (92) . Levels of both ET-1 and its precursor, big ET-1, were correlated with PVR, mean PAP, cardiac output, cardiac index, and 6MWD (93) . Levels of ET-1 also correlated with right atrial pressure, indexed PVR, cardiac index, and mixed venous O 2 saturation, but not with New York Heart Association (NYHA) functional class or time to transplant or death (92) . In an exploratory analysis, the ET-1 precursor, C-terminal (CT)-proET-1, provided prognostic data independent of that from other commonly used biomarkers (94) .
Interactions of ET-1 with NO or Prostanoids
The ability of ET-1 to stimulate NO production may have particular impact when ERAs are administered. In the presence of ET A receptor inhibition, ET-1 (95) . In rat pulmonary arteries preconstricted by ET-1, vasorelaxation induced by varying (ET A -specific and nonspecific) ERAs was similar (31) . However, the relaxation in response to ambrisentan was synergistic with that in response to the sGC stimulator, riociguat, whereas the sGC stimulator did not synergize with the nonspecific ERAs, consistent with an important role for ET B -mediated NO production by ET-1. The vasodilatory effect induced by ET A receptor blockade was essentially abolished by infusion of the NOS inhibitor, L-NAME, whereas prostacyclin inhibition did not impact the response in healthy humans (96) . The antiproliferative effects of therapeutics targeting the prostacyclin, ET-1, and NO/ cGMP pathways may also interact. Patel and colleagues (30) found that the proliferation of distal pulmonary artery SMCs obtained from patients with PAH was inhibited by the prostacyclin analog, treprostinil, and the effect was additive with that elicited by a PDE5i or a sGCS (i.e., cGMP-elevating agents). In contrast, the antiproliferative effect of treprostinil was actually attenuated in the presence of dual-receptor ERAs, bosentan or macitentan. Given the network of potential interactions among these therapy-related biomarkers, it is rational to posit that simultaneous assay of players in the prostacyclin, ET-1, and L-arginine/ NO/cGMP pathway may better inform the selection of therapy in appropriate patients.
RBC Distribution Width
RBC distribution width (RDW) indicates the variability in the size of RBCs, and is routinely reported in automated complete blood counts. RDW was shown retrospectively to independently predict survival in PAH, and even outperformed NT-proBNP in one cohort (97) . RDW also predicted survival independently of 6MWD and NT-proBNP (98) , and predicted survival in left heart failure, coronary artery disease, and renal disease (99) .
Other Molecular Biomarkers in PAH
See the online supplement for a current review of additional circulating biomarkers of potential utility in PAH prognosis or decision making, but not necessarily directly related to treatment pathways.
Conclusions and Future Directions
Numerous circulating biomarkers have shown at least promise for informing clinical prognosis, guiding therapeutic decisions, and/or providing other unique information relevant to patients with PH. Candidate biomarkers, even when intimately related to the disease process and its treatment, may prove to be useless clinically when tested. Several criteria should be met before a candidate biomarker, or biomarker panel, is considered clinically useful and worthy of a change in practice, or even inclusion as a study endpoint. These criteria include general and interlaboratory reproducibility, relevance to the disease process (and ideally to its therapy too, in this case), cost effectiveness, and validation, preferably with good external validity as well. In the case of the serologic biomarkers discussed here, existing assays are largely feasible and measurements reproducible in clinical and research laboratories. Notably, some endothelium-derived species, such as NO derivatives (NO 2 2 , SNOs) and ET-1, require special handling (acquisition in NO 2 2 -free plasticware) and short time to assay, respectively. Cost effectiveness has not been specifically studied, and is best assessed in larger studies validating their utility in, for example, phenotyping patients likely to respond to agent A (or A 1 B) rather than agent C.
Recent advances in PAH treatment include the addition of new therapeutic drug classes available for oral or inhaled administration, and the finding that upfront combination oral therapy-at least when the combination of tadalafil and ambrisentan is used-may be superior to initiation of either agent alone (23) . In this new treatment era, it is rational to examine whether a panel of vascular biomarkers can prospectively identify those patients most likely to benefit from a given (upfront) dual, sequential (addon), or single-agent therapy regimen. Illustrating the web of related mediators, BNP elevation leads to increases in cGMP that may be adaptive; selective ERAs can preserve or even promote the generation of bioactive NO species. We therefore suggest a new approach in the quest for a clinically useful biomarker. In this era, a useful biomarker or biomarker panel needs to recognize the interactions among candidate mediators/potential serologic biomarkers, the sensitivity of these signals to therapy, and the emerging practice of upfront and other combination therapy. Accordingly, we are investigating, prospectively, the clinical utility of a panel of biomarkers that reflect or interact with the biological pathways targeted by prevalent therapies. Specifically, we are examining longitudinal changes in ET-1, NTproBNP, cGMP, and the NO derivatives, NO 2 2 , NO 3 
2
, and SNO in patients with PH (from various WHO groups) on oral monotherapy or combination therapy, and in relationship to changes in clinical variables, such as 6MWD and hemodynamics. The goal is to identify biomarker signatures that might predict favorable responses to each of multiple therapies (or their combination), and subsequently test resulting hypotheses in future, larger studies. Indeed, interactions among those biomarkers associated with therapeutic targets are numerous and complex, suggesting that assaying them in a coordinated and longitudinal fashion is optimal. Because PAH is a rare disease, and given the substantial morbidity and mortality in spite of these advances in therapy, the identification of such biomarker tools is urgently needed to help optimize and individualize therapy. n Author disclosures are available with the text of this article at www.atsjournals.org.
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